The genus Flavivirus contains over 70 virus species, of which many cause disease in humans. Severe flavivirus infections are primarily characterized by encephalitic or hemorrhagic symptoms. Mortality rates vary, depending on the infecting virus species, from 1 to 2% (e.g., for the Central European encephalitis virus) up to 30 to 40% (e.g., for the Japanese encephalitis virus and the Russian spring-summer encephalitis virus) (14, 15, 27) . Although an effective vaccine is available for the prevention of yellow fever virus infections, annually, over 5,000 fatal cases are reported worldwide (28) . Dengue fever virus, of which there are four serotypes that do not cause a mutually protective serological response, is prevalent around the world in tropical and subtropical areas. Each year, over 500,000 cases of dengue fever are reported, of which over 25,000 are fatal due to the development of dengue hemorrhagic fever or dengue shock syndrome (9, 30) . Also, West Nile virus (1, 5, 19) , St. Louis encephalitis virus (17) , and Murray Valley encephalitis virus (26) cause many human fatalities.
There is no specific antiviral therapy available for the treatment of infections with flaviviruses. Symptomatic treatment and intensive medical care are essential to improve the chance of survival in patients with severe disease. Early diagnosis of the infection before the onset of serious disease, together with an early start of symptomatic treatment, favors survival rates (33, 34) .
During a severe dengue virus epidemic on the island of Cuba in 1981, alpha interferon (IFN-␣) was administered to children and adults with dengue fever (23) . Although amelioration of the disease was described, there have been no other reports of the use of IFN in patients with dengue fever virus infection. Two patients, of a group of four, with severe Japanese encephalitis, showed improved clinical signs and recovered from the infection following treatment with IFN-␣. The two patients who did not receive IFN therapy died (11) .
In mice, intraperitoneal administration of human-mouse hybrid recombinant IFN-␣ and mouse recombinant IFN-␤ significantly reduced mortality caused by Banzi virus, a mosquitoborne flavivirus, but only when administered shortly after infection (29) . Intraperitoneal treatment of mice that had been infected with St. Louis encephalitis virus with human recombinant IFN-␣ resulted in a significant protective effect on virusinduced mortality (2) .
Pegylation increases the relatively short half-life of IFN and helps to avoid repeated "peak-through cycling," which is believed to contribute to drug intolerance during IFN therapy in patients with hepatitis C virus (HCV) infection (13, 16) . Pegylated IFN-␣-2b (PEG-IFN), either alone or in combination with ribavirin (RIB), is presently being used for the treatment of HCV infections. Combined PEG-IFN-RIB therapy resulted in a response superior to that gained by PEG-IFN monotherapy (8, 24) . Only one report has been made on the use of PEG-IFN for the treatment of virus infections in an animal model. PEG-IFN protected mice from Venezuelan equine encephalitis virus-induced mortality but only when treatment was initiated 2 days before infection. Intraperitoneal (i.p.) administration of IFN as such was ineffective in this model (25) . No reports have been made on the use of PEG-IFN for the treatment of infections with flaviviruses in an animal model.
Ampligen [poly(I)-poly(C 12 U)] is an IFN inducer that consists of poly(I ⅐ C) but which has, in contrast to poly(I ⅐ C), a U mismatch at every 12th base of the C strand. Ampligen is presently in preclinical evaluation and clinical study for the treatment of various viral diseases, including infections with the human immunodeficiency virus (7) and the hepatitis B virus (http://www.hemispherx.net/). Poly(I ⅐ C) has shown efficacy in mice against experimental infections with tick-borne encephalitis virus (18) , Japanese encephalitis virus (12, 31) , and West Nile virus (10) .
We elaborated a convenient and easy-to-manipulate flavivi-rus infection model in SCID mice using the Modoc virus (MODV) with the aim of studying novel therapeutic strategies against flavivirus encephalitis. MODV, a flavivirus that is classified as a biosafety level 2 (BSL2) pathogen (yellow fever and West Nile viruses ϭ BSL3; tick-borne encephalitis virus [TBEV] ϭ BSL4), causes pronounced morbidity (i.e., an encephalitis that is reminiscent of flavivirus encephalitis in humans) and 100% mortality in SCID mice inoculated via the intraperitoneal, intranasal, or intracerebral route. In immunocompetent NMRI mice, morbidity and mortality are observed only when the virus is inoculated via the intranasal (55% mortality) or intracerebral (100% mortality) route but not by the intraperitoneal route (22) . Since MODV, inoculated in SCID mice via the intraperitoneal route, (i) causes a uniformly lethal infection and (ii) closely resembles natural transmission of a flavivirus (i.e., a bite of a mosquito or a tick), MODV infections in SCID mice represent a convenient animal model for the study of therapy of flavivirus encephalitis.
In the present study, we describe the protective and therapeutic effects of (i) human recombinant IFN-␣-2b (commercially called INTRON A), (ii) human recombinant PEG-IFN (commercially called PEG-INTRON), (iii) poly(I ⅐ C), and (iv) Ampligen on lethal flavivirus encephalitis. In addition, we also investigated whether the combination of IFN and RIB, which is now the standard therapy for the treatment of HCV infections, offers an advantage over the use of IFN alone for the treatment of flavivirus infections.
MATERIALS AND METHODS
Propagation of MODV in Vero cells. African green monkey kidney (Vero) cells were grown in minimum essential medium (MEM; Gibco, Paisley, Scotland) supplemented with 10% inactivated fetal calf serum (Integro, Zaandam, Holland), 1% L-glutamine, and 0.3% bicarbonate. MODV was obtained from the American Type Culture Collection (ATCC VR-415). Confluent cultures of Vero cells were infected and incubated at 37°C until an extensive cytopathic effect was observed (generally 7 to 9 days postinfection). At that time, culture medium was collected, cell debris was pelleted by centrifugation, and the supernatant was aliquoted and stored at Ϫ80°C.
Plaque-forming assay. Serial dilutions of the virus were added to confluent Vero cell cultures that were grown in six-well microtiter trays. Cultures were incubated at 37°C for 1 h, after which the virus inoculum was removed and the cells were washed twice with warm medium. Subsequently, the cells were overlaid with MEM containing 2% fetal calf serum and 2% agar. The cultures were further incubated for 7 to 9 days, after which they were stained with neutral red solution and plaques were counted under an inverted microscope.
Compounds, dilutions, and doses. IFN-␣-2b and PEG-IFN were kindly provided by Schering-Plough (Brussels, Belgium). Ampligen was a kind gift from Hemispherx Biopharma (Philadelphia, Pa.). Poly(I ⅐ C) was purchased from Sigma (Bornem, Belgium), and RIB was purchased from ICN Pharmaceuticals (Costa Mesa, Calif.). Dilutions of IFN (10 6 U/ml), PEG-IFN (10 6 U/ml), and RIB (10 mg/ml) were prepared in phosphate-buffered saline (PBS). Poly(I ⅐ C) and Ampligen were dissolved at a concentration of 0.3 mg/ml in RNase-free water (Acros Organics, Geel, Belgium) to avoid degradation by RNases. Throughout the experiments, except when mentioned otherwise in the text, animals received the compounds by i.p. injection at the following doses: IFN (100 l, 10 5 U, i.p.), PEG-IFN (100 l, 10 5 U ϭ 1.724 g, i.p.), poly(I ⅐ C) (100 l, 1.5 mg/kg of body weight, i.p.), Ampligen (100 l, 1.5 mg/kg, i.p.), or RIB (100 l, 50 mg/kg, i.p.) or mock treatment with PBS (100 l).
Animals. SCID (severe combined immune deficiency) mice weighing 18 to 22 g were used throughout the experiments. The SCID mice were bred at the Rega Institute under germfree conditions and maintained under artificial diurnal lighting conditions with free access to food and water. The principles of good laboratory animal care were followed. The experiments were approved by the ethical committee on vertebrate animal experiments of the Katholieke Universiteit Leuven.
Animal experiments. SCID mice were infected with 10 4 PFU of MODV via the intraperitoneal route. The animals were monitored daily for signs of morbidity and for mortality. Because of the limited resources of IFN, PEG-IFN, and Ampligen, a limited number of animals had to be used. Each data set, however, represents the results obtained for two independent experiments with a total of at least of six animals. The statistical significance of the results was assessed by means of the Student t test. A treatment condition was considered to be biologically significant when both the mean day of paralysis (MDP) and the mean day of death (MDD) were significantly (P Յ 0.05) delayed compared to the untreated controls.
Effect of treatment on viral titers using quantitative RT-PCR. SCID mice (three animals/group) received pretreatment, a combination of pre-and posttreatment, or posttreatment only with IFN, PEG-IFN, poly(I ⅐ C), or Ampligen, as described above. Treatment was continued until day 6 postinfection. On day 7 postinfection (1 day after cessation of therapy), the animals were sacrificed by ether anesthesia. A blood sample was drawn by cardiac puncture, after which the animals were perfused with 10 ml of cold PBS. The brain and spleen were (22) . Briefly, cDNA, reverse transcribed from the isolated RNA (20 min at 55°C), was used in a PCR containing a MODV-specific primer set, ModS1 (5Ј-CCA GGA CAA GTC ATG TGG TAG C-3Ј) and ModAS1 (5Ј-TCC CAA AGA TGT TCC TCA CCT T-3Ј), flanking a 5Ј-carboxyfluorescein (FAM)-3Ј-carboxytetramethylrhodamine-labeled MODV-specific probe, ModP1 (5Ј-CAG AAT GGG CCA AGT TGC TTC CAG T-3Ј). During the PCR (denaturation at 95°C for 5 min and 40 cycles of 95°C for 5 s and 60°C for 20 s), the annealed probe, equal to the amount of available complementary sequence in the reaction, is hydrolyzed, causing the release of FAM in the solution and an increase in FAMspecific fluorescence. As quantification standard for real-time PCR, a strong positive MODV stock was diluted in negative human plasma prior to RNA preparation. The amount of 1 PCR unit of MODV RNA was defined to be the lowest possible dilution step that could be amplified in five of five replicate reactions (22) . All samples were analyzed in at least two replicate sets of reactions. Virus RNA load is presented as percentage of the virus control.
RESULTS
Effect of treatment with IFN and PEG-IFN on MODV-induced morbidity and mortality. The prophylactic and/or therapeutic effect of treatment with IFN or PEG-IFN on MODV infection in SCID mice was studied using the following treatment conditions: (i) pretreatment, in which the animals received only one single dose of 10 5 U of the respective IFNs by i.p. injection at 24 h before inoculation with 10 4 PFU of MODV (i.p. injection at the opposite site of the site of treatment), (ii) pretreatment combined with posttreatment, in which the mice received pretreatment as described above, followed by inoculation with the virus, and posttreatment for the next six consecutive days, and (iii) posttreatment, in which the animals were treated for six consecutive days starting at 1.5 h postinfection. Pretreatment with IFN or PEG-IFN 24 h before infection did not result in a statistically significant delay in the progression of MODV-induced disease, although for both drugs, some delay in MDP (Fig. 1A, pre) and MDD (Fig. 1B,  pre) was observed. When either IFN or PEG-IFN was administered before and following inoculation with the virus, a statistically significant delay in the onset (Fig. 1A , pre ϩ post) and progression of the disease (Fig. 1B , pre ϩ post) was observed. When IFN was administered following infection, an inhibitory effect was noticed, but it was less pronounced (Fig. 1A and B,  post) .
Effect of treatment with the IFN inducers poly(I ⅐ C) and Ampligen on MODV-induced morbidity and mortality. Both poly(I ⅐ C) and Ampligen, whether given before infection (Fig.  2 , pre: 15 mg/kg), before and after infection (Fig. 2 , pre: 15 mg/kg ϩ post: 1.5 mg/kg) or only after infection (Fig. 2 , post: 1.5 mg/kg), significantly delayed onset of the disease ( Fig. 2A) and increased the mean survival time (Fig. 2B) . The effect of pretreatment with poly(I ⅐ C) on both the MDP (Fig. 2A, pre) and MDD (Fig. 2B, pre) was more pronounced than the effect of Ampligen. When either poly(I ⅐ C) or Ampligen was given before and after infection (pre ϩ post), both molecules proved equally effective and delayed virus-induced mortality by 17 to 18 days (Fig. 2B, pre ϩ post) . Also, when treatment was first started after infection, both drugs were still able to significantly delay virus-induced morbidity ( Fig. 2A, post) and mortality (Fig. 2B, post) . In most experimental conditions, treatment with poly(I ⅐ C) and Ampligen caused some SCID mice to survive the infection with MODV. Pre-and posttreatment with poly(I ⅐ C) resulted in about 57% survival (four of seven; experiment was terminated at 64 days postinfection), whereas, throughout all experiments, 100% of the untreated mice succumbed. Of mice that received pretreatment with poly(I ⅐ C) or Ampligen or those that received pre-and posttreatment with Ampligen, about 29% (two of seven) survived the infection.
Effect of treatment on viral RNA levels. We previously reported the detection of viral RNA in the brain and spleen of SCID mice infected with MODV (22) . Viral RNA was also detectable in the serum (our unpublished results). We have now assessed by means of quantitative RT-PCR (which provided us, in addition to monitoring disease progression and mortality, with a second and independent parameter of drug efficacy) whether the treatment schedules with IFN, PEG-IFN, poly(I ⅐ C), or Ampligen that were used and that caused a (partially) inhibitory effect result in a reduction of viral RNA in the serum, spleen, and brain of infected mice. We employed quantitative RT-PCR, because the detection limit of this methodology is much lower than that of a titration for infectious virus content. Viral RNA levels were measured at day 7 postinfection. All treatment conditions described above significantly reduced the level of viral RNA in the serum, brain, and spleen ( Fig. 3A to C) , compared to the level in the untreated animals. A somewhat higher viral titer was measured in the serum and brain of the "IFN post" and the "PEG prepost" condition, whereas this is not immediately reflected in a more rapid progression of the disease in the parallel groups of mice. However, there was at least a time span of 7 days between (i) cessation of treatment and measuring viral RNA load at 7 days postinfection on the one hand and (ii) recording of morbidity and mortality at day 14 or later on the other hand. Mice that were sacrificed at day 7 postinfection for determination of the viral RNA load were obviously not the same animals as the parallel groups of animals that were used to record morbidity and mortality at day 14 postinfection or later, which may thus explain some variation. However, in general, inhibition of viral RNA replication by 80 to 100% corroborated the data on the protective and therapeutic activity of these compounds. Effect of treatment with RIB or the combination of IFN and RIB on MODV-induced morbidity and mortality. Although RIB inhibits the replication of several flaviviruses in cell culture, protective activity against flavivirus infections in animals has never been reported (reviewed in reference 21). We wanted to assess whether combination of IFN and RIB (the standard therapy for the treatment of HCV infections) would prove more effective compared to monotherapy with IFN. A daily dose of RIB (50 mg/kg) alone did not significantly delay virus-induced morbidity (Fig. 4A, RIB) , nor did it increase the mean survival time (Fig. 4B, RIB) . When RIB was added to the treatment schedule with IFN, no additional beneficial effect was observed over the effect seen with IFN alone (Fig. 4A and B, pre ϩ post, post).
DISCUSSION
We here studied the effect of IFNs and of IFN inducers on a lethal flavivirus infection in mice. Heretofore, we employed the MODV/SCID mouse model (22) . Since SCID mice are not able to mount a protective immune response, fulminant, fatal disease should eventually develop as long as circulating or replicating virus is present. In this model system, delay of onset of disease (paralysis) and increased survival time are critical parameters in the assessment of the antiviral efficacy of novel compounds. Therefore, treatment was only considered to be effective when both the MDP and MDD were significantly delayed compared to the untreated controls.
We chose to perform the IFN experiments with IFN-␣-2b rather than with murine IFN because PEG-IFN is available for direct comparison, whereas pegylated murine IFN is not. The , and spleen (C) at day 7 postinfection (three mice/group). Treatment schedules are as described for the experiments presented in Fig. 1 and 2 . The average level of viral RNA for the virus controls for the serum, brain, and spleen was, respectively, 69.897, 204, and 620.015 PCR units (PCRU). One PCR unit is defined to be the lowest template copy number detectable in five of five replicate sets of reactions, as determined by limiting dilution series.
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onset of disease and increased the mean survival time of infected mice. As a confirmatory parameter of efficacy, we quantitated the viral RNA load in the brain and spleen (organs in which MODV replicates) and serum. Virus titers were quantified at day 7 postinfection, because 1 day after cessation of treatment, a maximal effect of treatment may be expected at this time point. All treatment regimens [IFN, PEG-IFN, poly(I ⅐ C), and Ampligen] proved markedly effective in reducing viral RNA load. Although IFN has proven to be effective for the treatment of infections with HCV (reviewed in reference 6) and although IFN inducers have been shown to elicit a clinical benefit in patients infected with human immunodeficiency virus (7) and hepatitis B virus (http://www.hemispherx.net/), the use of these drugs for the treatment of flavivirus infections is still questioned, as the pathogenesis of flavivirus-induced disease, in particular dengue hemorrhagic fever and dengue shock syndrome, is not fully understood. Dengue hemorrhagic fever and dengue shock syndrome may, by and large, be caused by immune-related mechanisms that are triggered by the viral infection (3; reviewed in reference 21). However, (i) IFN is effective in animal models for flavivirus encephalitis (2, 29) (the present study) and (ii) IFN showed clinical benefit in a small number of patients with severe Japanese encephalitis (11) . Therefore, it may be worth further exploring whether IFN or IFN inducers would indeed show benefit in the pre-and postexposure prophylaxis and therapy of flavivirus encephalitis in the clinical setting.
RIB was shown to display in vitro antiviral activity against most flaviviruses but failed to protect experimentally infected animals (reviewed in reference 21). Also, monotherapy with RIB proved ineffective in the treatment of infections with HCV (20, 35) . However, when combined with IFN, RIB potentiates the inhibitory effect of IFN on HCV infection by a yet-unexplained mechanism (4, 32) . It was therefore appealing to study whether the combination of IFN and RIB would also prove more efficacious for the treatment of flavivirus infections than monotherapy with IFN. However, in our animal model system, combination therapy of IFN with RIB did not prove to be more effective than treatment with IFN alone. Thus, although RIB exerts selective antiviral activity against flavivirus replication in vitro, it did not offer any clinical beneficial effect against flavivirus-induced encephalitis in SCID mice, either when given alone or in combination with IFN. This does prove that the antiviral efficacy of RIB is not sufficiently pronounced to result in an additive or synergistic inhibition of viral replication, even under conditions where the dynamics of viral replication are already disturbed by IFN treatment. Because the results presented in the present study have been obtained in immunodeficient mice, this does not exclude the possibility that RIB may yield greater benefit in the immunocompetent host, particularly if its mechanism of action in vivo would be dependent on an intact immune system. Use of the SCID mouse thus allowed us to dissect a potential direct antiviral effect of RIB from an immunomodulatory activity. It will now be of interest to study the effect of IFN-RIB in immunocompetent animals that have been infected with viruses such as Japanese encephalitis virus, West Nile virus, or TBEV. If the protective effect of such a combination is greater in immunocompetent than it is in immunodeficient mice (as observed here), then this will provide evidence for an immunomodulatory activity of RIB against flavivirus infections.
In conclusion, we report here that IFN-␣-2b, PEG-IFN, and the IFN inducers poly(I ⅐ C) and Ampligen significantly delayed progression of MODV encephalitis in SCID mice. IFN- RIB did not provide incremental benefit in the immunodeficient host.
